ABSTRACT CORPE, WILLIAM A. (Columbia University, New York, N.Y.). Extracellular accumulation of pyrroles in bacterial cultures. Appl. Microbiol. 11:145-150. 1963.-Aerobacter aerogenes, Paracolobactrum aerogenoides, Spirillum serpens, and gelatinous strains of Chromobacterium violaceum produced an extracellular, ether-soluble, Ehrlich-positive substance when grown in media prepared with gelatin hydrolysate. The substance has been tentatively identified as pyrrole-2-carboxylic acid. Both hydroxy-L-proline and allo-D-hydroxyproline have been shown to be precursors of the material. Gelatinous strains of Chromobacterium violaceum, but not the other positive cultures, produced two ether-insoluble pyrroles as well, the precursors of which occur in gelatin hydrolysate but have not yet been identified. The property of pyrrole formation in bacteria and its possible use as an aid in identification of bacteria was discussed.
Aerobic cultivation of gelatinous strains of Chromobacterium violaceum and a number of other bacterial species, in broth prepared with gelatin hydrolysate, resulted in the extracellular accumulation of substances which gave an intense red color with p-dimethylaminobenzaldehyde in HCl-Ehrlich reagent.
By use of direct paper chromatography of culture supernatants and presumably specific color reactions, the writer was led to believe that the Ehrlich-positive materials were hydroxyindoles (Corpe, 1961) . When the principal substance responsible for the color test was isolated, however, no ultraviolet absorption peak was observed in the region of 275 to 280 m,u; rather, a strong maximum appeared at about 255 m,A in acidic buffer which suggested the material was a pyrrole rather than an indole derivative.
The present paper is mainly concerned with the nature and source of the principal Ehrlich-positive substance found in culture supernatants of a number of bacteria, and points out the possible usefulness of the test as a diagnostic aid.
MATERIALS AND METHODS Microorganisms. The gelatinous strains of C. violaceum used in this study were isolated in the author's laboratoryNongelatinous strains of the species and strains of C. lividum (Sneath, 1960) were generously supplied by P. H. A. Sneath of the National Institute for Medical Research, London, England. Pseudomonas chlororaphis and P. aureofaciens (Kluyver, 1956 ) cultures were kindly furnished by W. C. Haynes of the U.S. Department of Agriculture Northern Regional Laboratory, Peoria, Ill. The other microorganisms examined were from the culture collection maintained in the Department of Botany.
Growth medium. The medium used for studying pyrrole formation had the following composition (dissolved in distilled water): protein hydrolysate, 1 %; glucose, 1 %; K2HPO4, 0.15 %; NaH2PO4, 0.05%; MgSO4 7H20, 0.02%; and FeCl3 3H20, trace. The pH was adjusted to 7.0. Gelysate (BBL) and peptone (Difco) were used interchangeably in the production medium.
Flasks (250 ml) containing 25 ml of medium were inoculated with 0.2 ml of an 18-hr culture and placed on a Gyrotary shaker (model S-3, New Brunswick Scientific Co., New Brunswick, N.J.) rotating at 185 rev/min, in an incubator room at 30 C. Growth was measured as turbidity in a Bausch & Lomb Spectronic 20 colorimeter at 600 m,u, against a reagent blank.
Qualitative test for Ehrlich-positive materials. The Ehrlich reagent used (Skerman, 1960) was prepared fresh daily by dissolving 0.4 g of p-dimethylaminobenzaldehyde (Fisher) in 38 g of 96 % ethyl alcohol containing 8 g of concentrated HCl. Qualitative tests were done by pipetting 1 ml of culture supernatant into a small test tube, adding 1.5 ml of the reagent, mixing the contents, and immersing the tubes in a boiling-water bath for 2 min to develop maximal color. Although color developed without benefit of heat, a more rapid reaction was desirable. Tubes showing a bright red color were considered Ehrlich-positive.
Isolation of ether-extractable pyrrole. Cell-free culture supernatants were acidified to pH 2.5 to 3.0 with 1 N HCl and extracted with two volumes of ethyl ether. The ether layer was removed and placed in a clean glass-stoppered tube. Ether extraction of the supernatant was repeated, and the extracts were combined. The extracts were shaken with a small volume of 0.1 N Na2CO3, the two layers allowed to separate, and the ether layer was removed and discarded. The carbonate solution containing the pyrrole was acidified with HCl and again extracted into a small volume of ether and rapidly evaporated. The ether-extraction procedure was used to isolate and concentrate suitable quantities of pyrrole for the various analyses to be reported here.
Quantitative analysis of pyrroles. Appropriate dilutions of culture supernatants or ether extract were pipetted into glass-stoppered tubes, and the volume made to 2 ml with distilled water. Reagent (3 ml) was added, and the contents of the tubes mixed thoroughly and placed in a water bath at 60 C for exactly 12 min. The tubes were quickly removed and cooled to room temperature in a cold-water bath. MIaximal color was developed in 12 min. Longer exposure to heat caused loss of color. The intensity of the red color was measured at 555 m,u against a reagent blank in a spectrophotometer. The concentration of pyrrole was determined by comparing optical density readings with a standard curve prepared with pyrrole-2-carboxylic acid (PCA). An authentic sample of the latter was kindly provided by Paul O'Connell, The Upjohn Co., Kalamazoo, Mich. A typical curve is shown in Fig. 1 . The absorption spectra of the Ehrlich reaction products of PCA and the ether-extractable pyrrole are shown in Fig. 2 . The strong absorption peak at 555 m,u suggested the use of that wavelength in preparing the standard curve.
Chromnatography. Chromatography on Whatman no. 1 paper was carried out, with the following solvent systems: butanol-acetic acid-water (4: 1: 1); isopropanol-NH3 (10:1); and butanol-ethanol-water (4:1:1). The preparation of spray reagents, applied to developed and dried chromatograms, is described by Jepson (1960) .
Spectrophotomnetric methods and other tests. The ultraviolet spectra of the unknown and of PCA in acid, neutral, and alkaline buffer were examined by using a Beckman DU spectrophotometer with a hydrogen-discharge lamp and 10-mm silica cells. The infrared spectra of samples were examined in a drop of Nujol between salt plates with a Beckman IR-5 instrument. In 0..5 ml of distilled water in a large test tube, 10 mg of PCA were dissolved; 10 mg of platinum oxide catalyst were added, and a small polyethylene, covered, stirring bar was dropped into the vessel. The vessel was flushed, then filled with H2 at atmospheric pressure, closed off, and mixed continuously over a magnetic stirrer for 23 hr at room temperature. The procedure was repeated, using the ether-extractable pyrrole. The mixtures were filtered to remove the catalyst, and the reaction mixtures and control samples examined qualitatively by paper chromatography and by the quantitative spectrophotometric procedures described above.
RESULTS
Preliminary spectrophotometric tests indicated the ether-extractable Ehrlich-positive material was a pyrrole, as mentioned above. Considering the medium required for production (Corpe, 1962) , it seemed reasonable that hydroxyproline, found in abundance in gelatin (Fruton and Simmonds, 1958) , could be the specific precursor of the material, especially in view of the work of Adams (1959) who showed that a bacterium, Pseudomonas striata, can produce PCA as one product of hydroxy-L-proline metabolism.
One liter of culture supernatant was found to yield about 70 mg of the ether-extractable pyrrole calculated as PCA. This amounted to 55 to 58 % of the total Ehrlichpositive material produced by gelatinous chromobacteria. When the material was compared with PCA, a number of similarities were apparent. The ultraviolet spectra of the two substances, though not identical, showed similar shifts in maxima with pH change, as indicated in Fig. 3 .
When the ether-extractable pyrrole was concentrated to dryness, however, it appeared as an oily, yellowish material and had a musty smell. None of these properties was characteristic of authentic PCA, which was a white crystalline odorless material. Treatment of the unknown with charcoal (Darco 60, Atlas Powder Co., Wilmington, Del.) and Dowex 50 (Dow Chemical Co., Midland, Mich.) in the hydrogen form failed to remove the yellow color from the material completely. The pyrrole was not retained on Dowex 50, though it was retained on Dowex 1 (Cl-) and eluted with 0.1 N HCl. In this case also, the yellowish color was not completely removed.
With standing, the yellow color became more intense. In fact, pyrrole spots on developed paper chromatograms began to darken after exposure to the air for 72 hr. Spots of authentic PCA also darkened under these conditions, but not as rapidly as the unknown. These changes probably account for the strong absorption in the region of 220 to 245 m,u, as shown in the ultraviolet spectra, and are probably also responsible for obscuring the infrared absorption peaks.
Large paper chromatograms were prepared, and the pyrrole was located, eluted, and concentrated. The eluted material had the same physical properties described above. The material has not been successfully crystallized.
Even though no impurities have been demonstrated in the unknown, it seems clear that some must be present, even if in trace amount. A satisfactory crystalline methyl MiL mP ester was obtained with authentic PCA when the acid was treated with an excess of diazomethane in ether (Arndt, 1943) . The unknown, however, failed to yield a crystalline product although the formation of an ester was apparent, as indicated by the disappearance of the infrared absorption peak associated with the carboxyl group and by the The results of a chromatographic comparison of the ether-extractable pyrrole with PCA are shown in Table 1 . The substances had identical RF values in acid, neutral, and alkaline solvents and gave, in addition to the Ehrlich reaction, a red color with diazotized sulfanilic acid or p-anisidine. These properties were subsequently used to detect ether-extractable pyrroles in other cultures.
Both PCA and the ether-extractable pyrrole could be reduced with H2, in the presence of platinum catalyst, to give proline (Radhakrishnan and Meister, 1957) . Under the conditions used in the present experiments (room temperature and atmospheric pressure), the efficiency of the conversion was of the order of 6 to 7 %o, as shown by the disappearance of PCA, by use of the quantitative Ehrlich reaction or decrease in absorption at 260 m,. Unreduced controls and reduced samples were chromatographed and sprayed with isatin. Only a single blue spot with an RF value identical to that of proline was observed in the reduced samples. The unreduced samples contained no isatin-reacting materials. Further treatment of the isatin-sprayed strips with Ehrlich reagent revealed unreacted PCA, but no other Ehrlich-positive material. Formnation of ether-extractable pyrroles by other bacteria A number of organisms were examined for the property ol pyrrole formation under the conditions previously mentioned. In addition to the gelatinous chromobacteria, only Aerobacter aerogenes, Paracolobact rum aerogenoides, and Spirillmin serpens cultures, of the many species examined, gave a positive Ehrlich reaction ( Table 2 ). The positive cultures were then inoculated into the medium prepared as previously described, except that gelatin hydrolysate was replaced with 0.2 % vitamin-free Casamino Acids, 0.01 % yeast extract, and 0.2 % hydroxy-L-proline. Again, a positive reaction was obtained in each of the above-mentionied cultures. None of them gave a positive test when hydroxy-L-proline was omitted from the medium. The material responsible for the test was shown to be etherextractable pyrrole, which had an RF value on papei chromatograms identical to that of PCA and gave, in addition to the Ehrlich test, a strong reaction with diazotized sulfanilic acid.
Hydroxy-L-proline as the source of the ether-extractab1e pyrrole. Hydroxy-L-proline and allo-D-hydroxyproline served as sources of ether-extractable pyrrole, but the substrates were in no sense completely converted to the product by growing cultures; in fact, only about 3 % of the substrates could be accounted for as pyrrole (Table 3) . Though no quantitative estimation of the unused substrate was made, visual paper chromatographic estimations indicated that most of it remained unused. Neither hydroxy-L-proline nor PCA could serve as a carbon or nitrogen source for the organism. Resting cells of Chromnobacterium in buffer oxidized hydroxy-L-proline very slowly indeed, and accumulated only traces of PCA within a period of 2 hr.
Neither L-proline nor any of the other common amino acids, used singly or in mixtures, would serve as a source of pyrrole.
Other pyrroles in Chromobacterium cultures. As noted earlier, only 55 to 58 % of the Ehrlich-positive material in peptone cultures of Chromiobacteriuin could be accounted for as ether-extractable pyrrole. The ether-insoluble materials could be resolved as two distinct substances on paper chromatograms; elution, concentration, and rechromatography of the material were required to obtain clean separation. The absorption spectra of the two substances showed the same maxima, one in the region of 525 to 530 m,u and the other, 560 to 565 mm. A representative visible spectrum is shown in Fig. 4 and compared with that of the ether extract and the whole-culture supernatant. Although the ether-insoluble materials have not been isolated in quantity, a suitable amount has been obtained from large paper chromatograms which made possible a number of tests, the results of which are recorded in Table 4 . There is no evidence that hydroxy-L-proline stimulates pigment formation in Chromobacterium, and certainly the incorporation of the substance in an otherwise satisfactory medium provided the organism with no growth advantage. The function of glucose in promoting accumulation of somewhat larger quantities of pyrrole in the gelatin hydrolysate medium was not clear, except that, when glucose was present, there was more rapid growth and a greater total cell yield, so, possibly, more enzyme. Results with resting cells, however, did not confirm this theory.
The accumulation of these materials in cultures paralleled the accumulation of the ether-soluble pyrrole, suggesting that one is not the precursor of the other. The most active production of both ether-soluble and -insoluble substances occurred after the culture had passed into the maximal stationary phase of growth.
It is emphasized that these materials have been observed only in media prepared with gelatin hydrolysates or certain meat peptones. They have not been observed in cultures grown in vegetable or casein hydrolysates, with or without added hydroxyproline, which points up the uniqueness of gelatin-or collagean-containing hydrolysates, as far as the precursors of these pyrroles are concerned.
DISCUSSION
Pyrroles with an unsubstituted methene group in the a position give a red color immediately on addition of p-dimethylaminobenzaldehyde in aqueous hydrochloric acid in the cold (Gottschalk, 1960) . The Ehrlich test alone, however, is scarcely satisfactory for distinguishing, pyrroles from other Ehrlich-positive materials, especially since the test has been used in various ways for years, by bacteriologists, for the detection of indoles (Isenberg and Sundheim, 1958) .
The ultraviolet-absorption spectra obtained with authentic PCAand the ether-extractable unknown are in good agreement with work of other investigators (Berggard and Odin, 1958) . The identical reactions of the two substances on paper chromatograms, the fact that they both could be catalytically reduced to proline, as well as the behavior of the ether-extractable unknown on ion-exchange resins, make it most likely that the material is PCA. This opinion is further strengthened, in view of the fact that the pyrrole was produced only when hydroxy-L-proline or allo-D-hydroxyproline was present in the medium. Although the present work says little about the possible mechanism by which PCA arises from the amino acid, the studies of Radhakrishnan and Meister (1957) and Adams (1959) (IN-4B) . Thanks are due the Eugene Higgins Trust foia fund which made possible the purchase of certain item: of equipment used in this study.
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